Abstract. In this study, Fe 3 O 4 @silica nanotubes (Fe 3 O 4 @SiNTs) were synthesized through a co-axial electrospinning of a shell-liquid consisting of tetraethoxysilane, polyvinyl pyrrolidone, ethanol and hydrogen chloride and Fe 3 O 4 nanoparticles (NPs) and a core-liquid of paraffin. Their microstructure and drug delivery property were evaluated. SEM observations showed that Fe 3 O 4 @SiNTs had the tubular hollow structure. The presence of magnetic component caused a magnetic separability of Fe 3 O 4 @SiNTs. After soaked in the solution of tetracycline hydrochloride (TH, one of the representative antibiotics), Fe 3 O 4 @SiNTs supported the adsorption of TH with the loading efficiency of 64±5% to produce TH-loaded Fe 3 O 4 @SiNTs. TH-loaded Fe 3 O 4 @SiNTs presented a sustained release behavior for TH after soaked in the phosphate buffer saline. After incubation with Escherichia coli (E. coli, one of the most widely used bacteria), TH-loaded Fe 3 O 4 @SiNTs exhibited strong anti-bacterial property to inhibit the growth of E. coli, indicating that the released TH was biologically active.
Introduction
Functional materials are of great interest in the development of controlled drug delivery system as they are well response to the external stimuli such as temperature [1] and near-infrared light [2] . Among them, magnetic materials are of special interest because of their instinct magnetism. Silica nanotubes (SiNTs) are one type of inorganic drug delivery systems [3] [4] [5] and show much more advantages such as low-cost, strong hydrophilicity and good biocompatibility compared with the well-known carbon NTs. They have been extensively utilized as controlled release system for various chemicals such as biological growth factors [3] , CpG ODN [4] and antibiotics [5] . Few studies have addressed the synthesis and application of magnetic SiNTs. For example, Sui et al. synthesized magnetic SiNTs using multi-walled carbon NTs as sacrificed template [6] , while Bae et al. synthesized Au-doped magnetic SiNTs for binding of cysteine-containing proteins using the synthetic cholesterol-based gelator as sacrificed templates [7] . However, the drug delivery property of magnetic SiNTs has little been addressed.
Co-axial electrospinning is one of the novel electrospinning techniques and has received considerable attention [8] because of the distinct core-shell structure of the resultant electrospun nanofibers. It allows for co-axial electrospinning of a shell-liquid held in an outer needle and a core-liquid held in an inner needle within a coaxial needle under a high electric field. Especially, a removal of the core-component in the electrospun nanofibers would lead to the formation of the tubular and hollow NTs [9] .
In this study, Fe 3 O 4 @silica NTs were facilely synthesized via a co-axial electrospinning route and their microstructure and drug delivery property were evaluated. Tetracycline hydrochloride (TH) is one of the representative antibiotics and has been extensively utilized for evaluation of drug delivery property of various materials such as nanofibers [10] and NTs [5] . In the previous study, TH has been applied for evaluating the drug delivery property of SiNTs [5] . In this study, it is also utilized as model drug to evaluate the drug delivery property of Fe 3 O 4 @SiNTs. 
Synthesis of Fe 3 O 4 @SiNTs
Fe 3 O 4 @SiNTs were synthesized through co-axial electrospinning of a shell-liquid and a core-liquid of paraffin (Fig. 1) . In brief, a shell-liquid was prepared by dissolving tetraethoxysilane (TEOS, 1 mL), polyvinyl pyrrolidone (PVP, 0.72 g), and Fe 3 O 4 (0.5 g) in ethanol (8 mL)/hydrogen chloride (0.2 mL, 2 mol/L) solution and then transferred to 20-mL syringe mounted on a syringe pump. A core-liquid of paraffin was held in another syringe mounted another syringe pump. Both syringes were connected to a co-axial needle with an outer diameter of 1.45 mm and an inner diameter of 0.51 mm using the silicon rubber tubes. By applying the high voltage of 15 kV on the syringe needle, a needle-collector distance of 15 cm, a core and shell solution flow rate of 3.5 mL/h, the co-axial nanofibers were obtained and then sintered at 600 o C to produce Fe 3 O 4 @SiNTs. (1) Where W o is the amount of TH before incubation with Fe 3 O 4 @SiNTs and W f is the amount of the free TH in the supernatant.
TH Release
The release of TH was performed through incubation of the above TH-Fe 3 O 4 @SiNTs (20 mg) in 4 mL of phosphate buffer saline (PBS). At the pre-determined time, TH-Fe 3 O 4 @SiNTs were collected from PBS by centrifugation at 10,000 rpm for 5 min and then re-suspended in a fresh PBS. The release percentage was calculated according to the following equation:
Release percentage (%) = (W r /W t )*100%.
Where W r is the amount of TH released in the liquid and W t is the amount of TH loaded in TH-Fe 3 O 4 @SiNTs.
Biological Activity of the Released TH
Biological activity of TH released from TH-Fe 3 O 4 @SiNTs was evaluated through incubation them with the suspension of E. coli according to the similar method described in the previous study [5] . Briefly, both Fe 3 O 4 @SiNTs and TH-Fe 3 O 4 @SiNTs were separately incubated with the suspension of E. coli grown in the Mueller-Hinton broth solution at 37 o C for 12 h. E. coli incubated without any samples was used as control. The photos of E. coli exposed to both types of samples were taken with a digital camera.
Results and Discussion
Size and morphology of SiNTs and Fe 3 O 4 @SiNTs were shown in Fig. 2 . Each SiNT (Fig. 2a) had the fibrous feature with a smooth surface and has the diameter around 1 to 3 μm. The tubular hollow structure was clearly observed (white arrows). Under the magnetic stimulation, SiNTs had no any magnetic response (Fig. 2a, inset) . After combination of Fe 3 O 4 NPs, the resultant Fe 3 O 4 @SiNTs (Fig. 2b) still maintained the fibrous feature of the pristine SiNTs. A similar diameter was observed between SiNTs and Fe 3 O 4 @SiNTs. However, a significant difference in surface morphology was observed. Some bulged parts (black arrows) were clearly observed due to the presence of Fe 3 O 4 NPs. Under the magnetic stimulation, the resultant Fe 3 O 4 @SiNTs had a strong response to the magnetic and presented the magnetic separability (Fig. 2b, inset) . After soaked in the solution of TH, Fe 3 O 4 @SiNTs supported the adsorption of TH with the loading efficiency of 64±5%. Fe 3 O 4 @SiNTs were brown (Fig. 3a) , while TH-Fe 3 O 4 @SiNTs were dark-brown (Fig. 3a) The biological activity of the released drug from drug delivery system is crucial to the subsequent application. To confirm the biological activity of TH released from the present TH-Fe 3 O 4 @SiNTs, both Fe 3 O 4 @SiNTs and TH-Fe 3 O 4 @SiNTs were separately incubated with the suspension of E. coli. Fig. 4 shows the photographs of E. coli after exposed to both types of samples. The suspension of E. coli was well turbid for Fe 3 O 4 @SiNTs, while that was almost transparent for TH-Fe 3 O 4 @SiNTs. In contrast, TH-Fe 3 O 4 @SiNTs showed strong anti-bacterial property against the growth of E. coli. These results had clearly indicated that the released TH was biologically active. 
Conclusions
In summary, Fe 3 O 4 @SiNTs were synthesized through a co-axial electrospinning method. They not only presented magnetic separability, but also well supported a sustained drug release behavior of TH with a biological activity against the growth of E. coli.
